Recent reports have demonstrated the Z 2 topological property of the superconductor PbTaSe 2 (T c ∼ 3.8 K). PbTaSe 2 simultaneously exhibits superconductivity and nontrivial Z 2 topology without the need for doping or proximity effect. Scanning tunneling microscopy confirms that the topological surface states are gapped by superconductivity, indicating the likelihood of the chiral p x + ip y pairing mechanism. Motivated by these exciting findings, we predict by means of the first-principles scheme that ABSe 2 (A = Pb or Sn and B = Ta or Nb) is also a superconductor with nontrivial Z 2 topology. Among these, SnNbSe 2 shows the highest T c ∼ 7.0 K. Due to the fact that the required energy resolution to detect the Majorana bound states is of the order of 2 /ε F , the predicted higher T c of ABSe 2 may help mitigate some experimental challenges and provides a better platform for the exploration of the topological superconductivity.
I. INTRODUCTION
The interplay between superconductivity and nontrivial band topology has gained much attention for its likelihood of realizing the long-sought Majorana fermions [1] . As proposed by Fu and Kane [2, 3] , two-dimensional (2D) topological superconductivity can be realized on the surface of a topological insulator (TI) placed on top of an s-wave superconductor. Due to the proximity effect, the topological surface states (TSSs) will open up a superconducting gap and hence resemble a system with spinless p x + ip y pairing. The Majorana bound states (MBSs) will exist at cores of vortices when applying the magnetic field. In addition to this time-reversal (T ) invariant superconducting system, the MBSs can also exist at edges of a superconductor with broken T that naturally forms p x + ip y pairing [4] [5] [6] [7] [8] . To date, several works have claimed the observation of superconductivity in topologically nontrivial systems and demonstrated possible signs of nontrivial superconductivity, including the T -invariant Cu-or Sr-doped Bi 2 Se 3 [9] [10] [11] [12] [13] , Bi 2 Se 3 /NbSe 2 , and Bi 2 Se 3 /Bi2212 heterostructures [14] [15] [16] [17] and the T -broken system such as ferromagnetic atomic chain deposited on the superconducting surface [18] . In these works of T -invariant systems, the topological materials are turned into a superconducting state by either doping or proximity effect. Stoichiometrical superconductors with nontrivial band topology are still rare; two proposed materials, to our knowledge, are BiPd [19] and β-PdBi 2 [20] . Recently, a noncentrosymmetric material PbTaSe 2 has been found to be superconducting at temperatures below 3.8 K [21] and soon after its nontrivial topological properties are proposed and confirmed [22, 23] .
The newly discovered stoichiometrical superconductor PbTaSe 2 has been of great interest for it exhibits nontrivial * pjchen1015@gate.sinica.edu.tw † jeng@phys.nthu.edu.tw band topology by itself. Without the need of the doping or proximity effect, the TSSs are expected to show a superconducting gap since they cross the Fermi level. The electronic structure, structural stability, superconductivity, and the topological properties of PbTaSe 2 have been investigated by Chang et al. [22] on the theoretical side. Experimentally, the TSSs have been observed by the scanning tunneling microscopy (STM) and quasiparticle interference (QPI) [23] . The QPI results, combined with the first-principles simulations, confirm the topological character of the surface states. More intriguingly, the STM spectrum reveals a full gap in the superconducting state. That is, the TSSs are gapped by superconductivity as expected. Zero-bias peak is also observed when applying the magnetic field, although better energy resolution is required to gain more decisive evidence for the MBSs. Because the energy spacing of the MBSs is of the order of 2 /ε F (with and ε F being the superconducting gap and Fermi energy), raising the T c is helpful for the experimental detection of the MBSs. Thus, superconductors with nontrivial topology and higher T c are desirable.
In addition to the Z 2 topology, the topological nodal lines (NLs) are also proposed to exist in PbTaSe 2 [24] . The topological NLs appear when the touching points of two bands form a closed line in momentum space. Other materials that have been proposed to exhibit NLs include Ca 3 P 2 [25, 26] , Cu 3 PdN [27] , TlTaSe 2 [28] , graphene networks [29] , and so on. The rich topological nature and superconductivity make PbTaSe 2 a promising candidate for further investigation of topological superconductivity.
In this work we employ the first-principles calculations to investigate the electronic structure, superconductivity, and topological properties of the related compounds ABSe 2 , where A = Pb or Sn and B = Ta or Nb. From our calculations, all the related ABSe 2 have higher T c than PbTaSe 2 . By comparison, higher T c is reached when B = Nb, which is possibly because NbSe 2 by itself is a superconductor with T c ∼ 8 K [30, 31] whereas TaSe 2 is barely superconducting [32] . Besides, the topological properties of ABSe 2 are also investigated. Despite the smaller spin-orbit coupling (SOC) strength in Sn and Nb, our results indicate that all the ABSe 2 compounds under study exhibit nontrivial Z 2 topology. Thus, the related ABSe 2 may provide a better platform for the exploration of the exotic topological property in superconducting state because of their higher T c .
II. COMPUTATIONAL METHODS
The first-principles calculations are performed using QUAN-TUM ESPRESSO (QE) code [33] . The k-meshes used to sample the Brillouin zone (BZ) are 15 × 15 × 6 and 8 × 8 × 1 in the bulk and surface calculations, respectively. A slab consisting of eight layers (unit cells) with both sides terminated at the layer of A atoms is used in surface calculations. The energy cutoff of the plane wave expansion is 40 Ry.
The (electron-) phonon calculations are carried out based on density functional perturbation theory [34] implemented in QE. An 18 × 18 × 8 k mesh (for charge density) and a 6 × 6 × 4 q-mesh are used in the calculations of phonon spectrum and electron-phonon (e-ph) coupling strength λ:
with ν being the index of phonon modes, N F the density of states (DOS) at the Fermi level, and the linewidth of the e-ph quasiparticles. The superconducting T c is estimated by the McMillan formula:
where
are the logarithmic average frequency and the isotropic Eliashberg spectrum function, respectively. The screened Coulomb repulsion μ * is chosen to be 0.1 eV for all materials. The effect of SOC is included in both electronic and phonon calculations.
For computing the Z 2 invariant, the method proposed by Yu et al. [35] is adopted. The required Wannier basis is obtained using Wannier90 code [36] .
III. RESULTS AND DISCUSSIONS

A. Crystal and electronic structures
The crystal structure of ABSe 2 ( Fig. 1 ) is assumed to be identical to that of PbTaSe 2 (space group 187: P6m2). The structure can be viewed as the intercalation of atom A into the layered transition metal dichalcogenide (TMD) BSe 2 . The intercalated Pb/Sn sits on top of Se and the original 2H-BSe 2 changes to the AA-stacked structure, making the structure noncentrosymmetric. The relaxed structural parameters of ABSe 2 are shown in Table I . All these materials have close in-plane lattice constants and show a little variation in c direction, as a result of the different bond lengths between Se and A atoms. Apparently, the A-Se bond length depends on the intercalant. Intercalation of Pb leads to a longer bond length than that of Sn, and hence larger lattice constant in c direction. Also, the A-Se bond lengths are close to the typical values of Pb-Se and Sn-Se bonds, which reveals the three-dimensional (3D) nature of ABSe 2 .
The band structures with SOC are shown in Fig. 2 . Interactions between the A-p and B-d orbitals around the Fermi level are obviously seen, while the states of Se lie away from the Fermi level. These band structures show similar features, with minor distinctions due to the different SOC strengths of Pb and Sn (and possibly Ta and Nb); stronger SOC of Pb opens up a larger gap at K and H points. The SOC, regardless of strength, ensures the existence of a continuous gap over the whole BZ, which is marked by the shaded regions in Fig. 2 . The continuous gap, despite the metallicity of these systems, makes the topological Z 2 invariant well defined when counting all bands below it. That is, TSSs that close the continuous gap will exist if the system is topologically nontrivial [20, 22, 37] . Furthermore, the NLs that have been demonstrated to exist in PbTaSe 2 around K and H points are also present in all ABSe 2 materials, except that the NL around K seems to be blurred in the Sn-contained systems. Different from PbTaSe 2 in which the NLs lie completely above the Fermi level, the NLs in the Sn-contained materials cross the Fermi level. It is then expected that part of the drumhead surface states would be occupied and might exhibit exotic correlation physics [38] [39] [40] . The existence of NLs is another fascinating topological phenomenon of a different kind but is beyond our purpose in this work. Therefore, we will focus on the Z 2 topology in the following.
B. Phonons and superconductivity
The phonon spectra presented in Fig. 3 confirm the stability of these materials. As discussed in the previous work for PbTaSe 2 [26] , the originally unstable TaSe 2 phonons are pushed upward when intercalated by Pb which suppresses the CDW. The ABSe 2 structure is stabilized in a similar fashion; the CDW instability of BSe 2 is suppressed by the intercalation of A atoms, as is revealed by the green and orange bands in the left panel of Fig. 3 . Again, these materials exhibit similar phonon spectra, with some energy shifts due to the differences in the atomic masses of the constituents and the subtle e-ph interactions (renormalizations). In addition to the materials under study, we have also investigated combinations of other elements belonging to the same group. It is found that substitutions of vanadium for the B site and/or other lighter IV elements for the A site in ABSe 2 incur CDW instability of the structure. For substitution of V, the instability might be attributed to the fact that VSe 2 prefers the 1T to the 1H structure [41] [42] [43] . Also, the ferromagnetic ground state of AVSe 2 that breaks T symmetry rules out the possibility of revealing nontrivial Z 2 topology. For the lighter IV elements, the reason for the CDW is possibly due to their shorter bond lengths, e.g., d Ge-Ge = 2.38Å in germanene [44] , as compared with the lattice constant ∼3.4Å of ABSe 2 . Pressurization or doping might be able to suppress the CDW and induce superconductivity, as is commonly observed in the TMDs [45] [46] [47] .
The calculated e-ph properties of ABSe 2 are shown in Table II . The T c ranges from 3.1 K of PbTaSe 2 to 7.0 K of SnNbSe 2 . In the previous work for PbTaSe 2 [26] , the L-phonon (A 1g mode) at ∼5 meV shows strong e-ph coupling, which is also shown in the middle panel of Fig. 3(a) . However, the coupling strength decreases rapidly when the phonon wave vector q moves away from L. Accordingly, the contributions from the low-energy phonons to λ is weakened as shown in α 2 F (ω) where pronounced peaks are absent. Similar behavior is found in SnTaSe 2 as well, so this might be thought of as a common property of the TaSe 2 -based systems. Overall, the NbSe 2 -based materials have higher T c than the TaSe 2 -based ones, and intercalation of Sn leads to higher T c than that of Pb. By intuition, the former may be understood from the intrinsically higher T c of NbSe 2 than TaSe 2 , and the latter may be linked with the smaller mass of Sn that yields stronger e-ph 165148-3 in λ(ω) . This explains the higher T c of PbNbSe 2 than PbTaSe 2 . For Sn-intercalated systems, this jump also contributes to the higher T c of SnNbSe 2 but plays a minor role. The second feature is the rapid increase at energies <10 meV in Sn-intercalated systems, giving rise to a larger λ but smaller ω ln . Because of the dominant role of λ over ω ln in the McMillan formula, the Sn-intercalated systems show higher T c . In addition, a pronounced peak is found in SnNbSe 2 at ∼3 meV but not (or less obvious) in SnTaSe 2 . This peak is the main account of the highest T c of SnNbSe 2 . In comparison with SnTaSe 2 , we speculate that the extremely low phonon energy, as well as the high coupling strength, significantly enhances the effect of smaller atomic mass of Nb (compared with Ta) on λ that is inversely proportional to ω 2 .
C. Z 2 topological properties
PbTaSe 2 has been claimed and confirmed to be a Z 2 -nontrivial material [22, 23] . Here we are interested in unraveling the topological properties of other ABSe 2 compounds. The lack of inversion symmetry in ABSe 2 prohibits the applicability of the parity analysis to compute the Z 2 invariant. Several methods have been proposed to deal with the Z 2 invariant of systems without inversion symmetry [35, [48] [49] [50] . Here we adopt the method proposed by Yu et al. [35] to determine the topological phase. It has been proven that the Wanner center is closely related to the Berry curvature [51] , so the evolution of the Wannier center is indicative of the Berry phase. Odd (even) winding number of the evolution between two T -invariant momenta indicates nontrivial (trivial) topological state. For 3D materials, the topological phase is determined by two effective 2D systems with k z = 0 and π 2 , respectively. Multiplication of the two Z 2 invariants corresponding to these two effective 2D systems gives the Z 2 of the whole system. As mentioned previously for Z 2 topological metals, the Z 2 invariant of a subsystem containing all bands below the continuous gap is well defined. As shown in Fig. 4 for ABSe 2 , the winding number is odd at k z = 0 and even at k z = π 2 , yielding Z 2 = −1 · 1 = −1. Therefore, ABSe 2 materials are all topologically nontrivial. It is noted that the phase evolution path is closely dependent on the A atom, implying its dominant role in making the system topologically nontrivial.
To make the nontrivial topology more evident, we also carry out the calculations of the surface band structure. Indeed, the surface states crossing the continuous gap are present and degenerate at as revealed in Fig. 5 . We would like to emphasize that these two surface states connect two sets of bands which are fully separated in bulk by the continuous gap. The closing of the continuous gap by surface states supports the topological origin. Similar with PbTaSe 2 , the "Dirac" point, or crossing point (CP), lies about 0.5 eV above the Fermi level. Different from the common CP near which the bands disperse linearly, the vicinity of the CP shows quadratic (or higher order) dependence on k. More interesting is that the two branches are both holelike (i.e., no particlelike branch) in this "Dirac" system. It would be interesting and important to discuss the difference between the crossing of topological bands of this kind and the common Dirac system in which both particlelike and holelike branches are present and exhibit linearity in k, especially their role played in superconductivity.
The spin-momentum lock, one of the characteristics of a TSS, is clearly depicted by the in-plane components of the spin states shown in Fig. 5 . The decomposed s y is zero along the direction of y ( -M), and s x is zero along x ( -K). Interestingly, the TSSs in Ta-contained materials show nonzero s z components. The canted spin states provide an additional scattering channel between states whose backscattering from in-plane components is forbidden. This additional scattering process due to canted spin is indeed observed in the QPI results of PbTaSe 2 [23] . For Nb-contained materials, the spins are found to be nearly in-plane with negligible canting. We speculate that the canting of spins in Ta-contained materials is originated from the larger SOC of Ta that more efficiently couples the three Pauli matrices. The influence of the canted spins on superconductivity pairing is also an essential issue that calls for further investigations.
Noteworthy to mention, β-PdBi 2 is recently proposed to be a superconductor that possesses two sets of TSSs [20] . The set with lower energy lies entirely below the Fermi level, so it is irrelevant to the superconductivity. The other set, on the other hand, crosses the Fermi level and is expected to play a role in superconductivity. However, these TSSs in β-PdBi 2 severely merge into the bulk states. As revealed in Fig. 5 for ABSe 2 , the spin helicity disappears when the TSSs are buried inside the bulk bands along -K. As a result, how the bulk states affect the topological character of the TSSs in β-PdBi 2 under this condition remains a question. In ABSe 2 , at least one TSS remains separated from the bulk bands at the Fermi level and preserves the helical spin states, which is important for the p x + ip y pairing as proposed by Fu and Kane [2, 3] . As for BiPd, the exact computation of Z 2 is lacking. The possibility of being a topologically nontrivial material is inferred from the band crossing observed in the band structure. Since this kind of band crossing is not a unique consequence of nontrivial band topology, its nontrivial topological state requires further study to confirm.
Before closing the discussion, we would like to point out that the T c of SnNbSe 2 is higher than that of the existing superconductors that also show TSSs, such as PbTaSe 2 (3.8 K) [21, 23] , Bi 2 Pd (5.3 K) [20] , and BiPd (3.8 K) [19] . Therefore, the ABSe 2 materials provide a better platform for the investigation of the chiral p x + ip y pairing and the detection of MBSs which entails energy resolution of the order of 2 /ε F .
IV. SUMMARY
To sum up, motivated by the exotic properties of the recently discovered superconductor PbTaSe 2 , we predict by first-principles calculations that PbNbSe 2 , SnTaSe 2 , and SnNbSe 2 are also superconductors that reveal nontrivial Z 2 topology. Detailed analyses of the electronic structures and e-ph interactions are given to demonstrate and discuss the superconductivity and topological properties. SnNbSe 2 exhibits highest T c ∼ 7.0 K in this family. Besides, the TSSs in ABSe 2 are separated from the bulk bands and remain unaffected. The preserved helical spin states, as well as the higher T c , are beneficial for the experimental exploration of the possible chiral p-wave superconducting state and the MBSs.
